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Laser‐Induced Keyhole Defect Dynamics during Metal Additive Manufacturing 
Abstract 
Laser powder bed fusion (LPBF) metal additive manufacturing provides distinct advantages for 
aerospace and biomedical applications. However, widespread industrial adoption is limited by a lack of 
confidence in part properties driven by an incomplete understanding of how unique process parameters 
relate to defect formation and ultimately mechanical properties. To address that gap, high‐speed X‐ray 
imaging is used to probe subsurface melt pool dynamics and void‐formation mechanisms inaccessible to 
other monitoring approaches. This technique directly observes the depth and dynamic behavior of the 
vapor depression, also known as the keyhole depression, which is formed by recoil pressure from 
laser‐driven metal vaporization. Also, vapor bubble formation and motion due to melt pool currents is 
observed, including instances of bubbles splitting before solidification into clusters of smaller voids while 
the material rapidly cools. Other phenomena include bubbles being formed from and then recaptured by 
the vapor depression, leaving no voids in the final part. Such events complicate attempts to identify 
defect formation using surface‐sensitive process‐monitoring tools. Finally, once the void defects form, 
they cannot be repaired by simple laser scans, without introducing new defects, thus emphasizing the 
importance of understanding processing parameters to develop robust defect‐mitigation strategies 
based on experimentally validated models. 
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1. Introduction
Laser powder bed fusion (LPBF) metal additive manufacturing provides distinct 
advantages for aerospace and biomedical applications. However, widespread 
industrial adoption is limited by a lack of confidence in part properties driven by 
an incomplete understanding of how unique process parameters relate to defect 
formation and ultimately mechanical properties. To address that gap, high-speed 
X-ray imaging is used to probe subsurface melt pool dynamics and void­
formation mechanisms inaccessible to other monitoring approaches. This 
technique directly observes the depth and dynamic behavior of the vapor 
depression, also known as the keyhole depression, which is formed by recoil 
pressure from laser-driven metal vaporization. Also, vapor bubble formation and 
motion due to melt pool currents is observed, including instances of bubbles 
splitting before solidification into clusters of smaller voids while the material 
rapidly cools. Other phenomena include bubbles being formed from and then 
recaptured by the vapor depression, leaving no voids in the final part. Such 
events complicate attempts to identify defect formation using surface-sensitive 
process-monitoring tools. Finally, once the void defects form, they cannot be 
repaired by simple laser scans, without introducing new defects, thus empha­
sizing the importance of understanding processing parameters to develop robust 
defect-mitigation strategies based on experimentally validated models. 
Additive manufacturing (AM) is a powerful 
alternative to conventional manufacturing 
approaches that can streamline the manu­
facturing process from design to final part, 
enable design flexibility, and reduce mate­
rial waste. [l-3] Although several techniques
have been developed, laser powder bed 
fusion (LPBF) is one of the most common 
approaches for metal AM.l4,5l Some of the 
inherent advantages of the LPBF method 
are the excellent spatial resolution due to 
the laser beam that is typically focused to 
a diameter of less than 100 µm and fast 
build times afforded by scan rates on 
the order of 100s to lO00mm s-1 . 16-71
These scan speeds lead to highly localized, 
rapid heating and cooling, with relevant 
time scales on the order of micro- to 
milliseconds. [GJ 
While AM parts are used in industry 
today,1s-io1 understanding of the funda­
mental processes that govern final part 
properties is incomplete161 and impedes 
widespread adoption. A central gap in 
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knowledge is the physical details of the link between laser param-
eters and defect-formation mechanisms. Without this under­
standing, the engineering qualification of parts is through trial 
and error, which is time-consuming and expensive. In particular, 
understanding the physics in order to converge on a set of build 
parameters to minimize internal porosity is one of the key factors 
in improving the mechanical properties of a printed part, which 
depend in part on the size, shape, and distribution of voids_l11-14l
Systematic experimental studies relating void size and distribu­
tion to laser scan speed and power typically rely on ex situ char­
acterization, such as two-dimensional micrographs using 
scanning electron microscopy (SEM), optical microscopy 
(OM),1151 or three-dimensional computed tomography 
approachesP61 SEM and OM are inherently surface-sensitive
techniques that require destructive preparation methods such 
as slicing to see subsurface defects. X-ray-based microtomogra­
phy has successfully been used to image voids in titanium alloy 
Ti-6Al-4V (Ti 64)l17l and 316L stainless steell18•19l parts printed
using LPBF. By sorting the voids by size and sphericity, 
Cunningham et al. roughly categorized void origin as lack of 
fusion (highly irregular, larger voids), keyholing (large, spherical 
voids), and precursor voids (small, spherical voids). However, as 
the authors note, morphology is not a definitive metric for deter­
mining void-formation mechanisms. Although computational 
efforts to simulate process physics provide valuable insight, they 
require experimental validation and are computationally expen­
sive, which makes a high-fidelity simulation of an entire build 
impractical.l6·201 Therefore, in situ monitoring is needed to fully
understand the mechanisms which lead to different defect void 
formations during the LPBF process. 
Several in situ process monitoring techniques have been 
developed to examine the build process for improving process 
parameters and inform models. Visible-light high-speed imaging 
provides insight into many important phenomena including 
spatter, powder motion and denudation, and melt pool dynam­
ics.11·21-231 Thermal imaging has also played a significant role in 
understanding how material thermal properties and build strat­
egies affect the final build.11·24-271 In addition, commercial sys­
tems now include melt-pool monitoring using cameras and 
photodiodes to quantify process stability.111 Although these tech­
niques provide useful, real-time information, they are limited to 
probing the surface of the part due to their use of visible or infra­
red light. Acoustic measurements can indirectly probe subsur­
face phenomena, but the difficulty of correlating complex 
acoustic signals to discrete defect-creation events currently hin­
ders their widespread adoption.128·291 Complimentary techniques
are needed to directly probe the interior of the part and under­
stand the underlying physics controlling the melt pool and the 
surrounding material. 
Synchrotron-based X-ray techniques provide the high X-ray 
flux necessary to probe the interior of the part to directly monitor 
the build process and material properties.130-361 X-ray phase­
contrast imaging was used to capture melt-pool dynamics and 
void formation of laser butt welding with a laser scanning at 
500 W and 16.7 mm s-1, with 1 kHz frame rates.1361 Although 
these imaging settings were sufficient to observe this system, 
higher frame rates are necessary for capturing the key dynamics 
at the micro- to millisecond timescales during these LPBF 
builds. Using high-speed X-ray imaging, the vapor depression, 
and sometime the melt-pool dynamics can be imaged 
directly.130-32-351 Recent work has used synchrotron X-ray imag­
ing to probe how melt-pool behavior relates to spatter and melt­
pool dynamics1
331 in conditions approximating overhang regions, 
which are particularly defect-prone regions in bulk part builds. 1341 
Cunningham et al. imaged the melt pool and vapor depression 
on bare Ti64 using synchrotron-based X-rays to study how the 
power and velocity of the incident laser beam affected the 
heat-transfer mode of the sample (i.e., conduction or keyhole 
mode) and its relation to laser drilling speed, vapor depression 
dynamics, and front keyhole wall angle.1
351 Herein, we utilize
high-speed X-ray imaging to quantify subsurface-defect forma­
tion and dynamics during the LPBF process in Ti64. We span 
the laser-processing parameter space from the conduction 
regime, where the melt-pool dynamics are dominated by the con­
duction of heat into the solid material, into the keyhole regime, 
where the recoil momentum of the vaporized material exerts a 
force on the melted material and forms a depression, to validate 
the theoretically determined keyhole threshold.1181 We also
explore strategies to repair these keyholing voids after they form. 
Our results reveal the complexity in repairing these voids and 
possible pitfalls in positively identifying defect-formation events 
using surface-sensitive monitoring tools without complementary 
in situ subsurface probes. 
2. Results and Discussion
2.1. Identifying Keyhole Regime and Void Formation 
By adjusting the laser power at two different speeds (146 and 
455 mm s-1), we compare the frequency of void formation as 
the laser energy density is increased into the keyhole regime 
(Figure 1). For the 146 mm s-1 laser-speed tracks, two different 
runs for each laser power were averaged together. The error bars 
in Figure 1 show one standard deviation from the average for the 
146 mm s-1 laser speed. The onset of void formation for both 
speeds is around 75 W. Previous studies have predicted that 
the transition from the conduction regime to keyhole regime 
occurs when the normalized enthalpy exceeds a value of ::::::6, 
whereas experiments in stainless steel show this transition occur­
ring closer to a normalized enthalpy of R::30.118•371 Normalized
enthalpy (fl.H/hs) can be written as 
fl.H AP 
h, npCT m ✓ Dua3
(1) 
where fl.H is the specific enthalpy, hs is the enthalpy at melting, 
A is the absorptivity of the material (assumed here to be 
0.6 under all conditions), Pis the laser power, p is the density 
(4.43 g cm-3 for Ti64),1381 C is the specific heat capacity
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Figure 1. The frequency of void defect formation within the fixed field of 
view (2.048 mm) as the laser power is increased into the keyhole regime 
for two different laser scan speeds. An arrow indicating the approximate 
location of the transition to the keyhole regime is drawn to show the rela­
tionship between keyhole formation and the formation of voids. The faster 
scan speed shows a linear increase in voids with increased laser power 
with a slope of 0.05 voids mm-1 w-1• The slow speed shows the same 
linear dependence after a dramatic increase in void formation between 
75 and lOOW. The slower scan speed is the average number of voids 
for two different tracks with the error bars showing one standard deviation. 
Error bars are not shown for the 455 mm s-1 laser speed because only one 
run was performed for each power. 
(0.83 J g-1K-1),l381 Tm is the melting temperature (1923 K),1381
D is thermal diffusivity of the melt (0.086 cm2 s-1),1381 u is the 
scan speed of the laser, and a is the radius of the laser beam such 
that a = av'i. Normalized enthalpy is a term commonly used in 
laser welding literaturel37 ,39l and has been shown to accurately
describe the transition from conduction to void formation 
regime under different laser scan speeds, power, and beam 
size.1181 For the two laser scan speeds presented here, the onset 
of void formation occurs at around a normalized enthalpy of 
17 ± 8. This agrees well with the previous experimental estimate 
(30 ± 4) made on 316L stainless steel using two different beam 
sizes strengthening the proposition that the normalized enthalpy 
is indeed an useful metric to compare selective laser melting 
under varying laser conditions and even across different 
materials. 
Immediately after the onset of void formation, the two laser 
scan speeds behave very differently. We observe that the liquid­
vapor interface is more stable at higher scan speeds and is 
therefore less likely to produce bubbles. The faster scan rate 
(455 mm s-1) shows a linear increase in the number of voids 
with increasing power with a slope of 0.05 voids mm-1 w-1. 
However, the slower scan speed (146 mm s-1) shows a sharp 
jump in the number of voids formed at 100 W before a linear 
increase with a slope equal to that of the faster scan rate; namely 
0.05 voids mm-1 w-1. This dramatic jump in voids is main­
tained in the slower scan speed even if considering the void for­
mation rate (voids mm-1 s-1) rather than the total number of 
voids formed within the field of view (voids per mm-1). This 
jump is also seen if the number of voids is plotted with respect 
to the normalized enthalpy (Figure S2, Supporting Information). 
Conversely, well into the keyhole regime where the number of 
voids formed changes linearly at a rate independent of scan 
speed, the total number of voids is scan-speed dependent. 
These observations suggest that the change in the rate of void 
formation well into the keyhole regime is adequately described 
with the laser scan parameters; yet, the void formation mecha­
nism immediately after the onset of void formation cannot be 
fully explained. 
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2.2. Vapor Depression Dynamics 
From the high-speed in situ imaging data, we can also track the 
vapor depression dynamics formed by the recoil pressure of the 
vaporized metal as the laser scans across the powder (Figure 2a). 
The vapor depression shape and depth are highly variable even as 
the laser is scanned at a constant speed. Dramatic changes in 
shape and depth of the vapor depression often result in the for­
mation of a vapor-filled bubble forming near the base of the 
depression. We have tracked the vapor depression depth, dis­
tance between the top of the powder and the bottom of the vapor 
depression, as a function of time (Figure 2b) and found an aver­
age depth of262 µm with a standard deviation of26 µm for a scan 
speed of 146 mm s-1 and laser power of 100 W. 
To better understand the relationship between the vapor 
depression and void formation, we plotted the average vapor­
depression depth and average void depth distance between the 
top of the powder bed and the bottom of the vapor depression 
or center of void, respectively, as functions of power (Figure 3). 
For both speeds, below a laser power of75 W, a vapor depression 
was not visible and void defects do not form. The onset of void 
formation is also the scan speed and power at which a vapor 
depression is visible. Although these phenomena occur simulta­
neously for the performed experiments, additional work is 
needed to determine the relationship between the onset of the 
vapor depression and generation of voids. As the power 
increases, the depth of both the voids and vapor depression 
increase. This agrees with the vapor depression results from 
Cunningham et al. on bare Ti64 plates, where they reported a 
linear relationship of vapor depression with increased powerl35l 
Moreover, the slower scan speed results in a higher average 
depth of both voids and the depression for all laser powers 
investigated. 
On average, voids form within a standard deviation (colored 
error bars) of the base of the vapor depression, and typically 
slightly shallower. This suggests that voids form when the base 
of the depression is pinched off as a gas bubble, and the 
bubbles are not dragged significantly closer to the surface or 
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Figure 2. a) A series of images shows the vapor depression moving through the sample. The depth and shape of the vapor depression varies considerably 
in these four images. b) The vapor-depression depth can be tracked during a scan to see the variation. This scan at 146 mm s-1 and lOOW shows an 
average vapor-depression depth of 262 µm. 
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Figure 3. The average depth of the voids with increasing laser power 
tracks the average vapor-depression depth for both 146 and 455 mm s-1
laser scan speed. On average, voids (open symbols) form within the col­
ored error bars, representing one standard deviation of the depth of the 
vapor depression, or slightly shallower. The variability in both the vapor 
depression and void depths increases with increased power and decreased 
speed. 
deeper by the melt-pool currents before solidifying. This agrees 
with what we observe from the X-ray movies of the different 
prints. Moreover, the spread in the void depth increases con­
siderably with higher power and slower speed as seen in the 
large standard deviation in the average void depth (black error 
bars). This large distribution agrees with our observations from 
the X-ray movies where we find that voids tend to form when 
the vapor depression depth is near an extreme, either much 
shallower or deeper than the average depth. Looking closer 
at the distribution of void depths (Figure S3 and S4, 
Supporting Information) it is difficult to extract a clear trend; 
nevertheless, it clearly does not resemble a normal distribution 
centered around the average vapor-depression depth. 
It is also notable that the average vapor-depression depth (and 
therefore, void depth) is linear with normalized enthalpy for both 
speeds (Figure SS, Supporting Information) in the keyhole 
regime. Thus, normalized enthalpy appears to capture the key 
mechanisms for the average depth of the vapor depression and 
resulting voids, but does not accurately predict the number of 
voids formed for a given set of scan parameters. We observe from 
the high-speed imaging that voids are created due to instabilities in 
the vapor depression and develop randomly during the scan . 
Therefore, the frequency of these events is dependent on the insta­
bility of the vapor depression, which is related to material proper­
ties (vaporization temperature, viscosity, surface tension) as well 
as process parameters (surface temperature, vapor pressure above 
the sample, depression depth, melt-pool waves, laser-driven cur­
rents in the liquid). Next, we explore a few observed phenomena 
related to the dynamics of the melt-vapor interface. 
2.3. Bubble Dynamics 
In addition to vapor-depression dynamics, in situ X-ray imaging 
reveals the dynamic behavior of vapor-filled bubbles as they move 
through the melt pool and are trapped by the solidifying metal. 
Many of the observed voids appear as expected, developing from 
the instability of the liquid-vapor interface and solidifying soon 
after creation. However, we do observe some more interesting, 
frequent phenomena that should be considered. For example, we 
frequently observe the breaking apart of single bubbles into two 
or more bubbles during solidification. An example is shown in 
Figure 4 and Movie Sl, Supporting Information. In the first 
panel, the bottom of the vapor depression is slightly bulged 
suggesting a bubble may form. In the second panel of Figure 4, 
the bubble is first observed ::::,100 µm behind the depression 
as the laser scans from left to right. The "x" in each frame indi­
cates the position of the bubble in the second frame. Notably, the 
bubble appears well past the depression, which only moves 
::::,6 µm between frames. This indicates that the laser-driven bub­
ble motion shortly after formation for this scan is much faster 
than we can accurately capture with the camera frame rate used 
(20 kHz). However, we observe, for higher energy density scans, 
the motion of bubbles in the melt pool is much slower and is 
captured. Often those bubbles are observed being dragged along 
by the laser near the surface of the melt pool at depths around 
60-100 µm and as far as ::::,300 µm behind the vapor depression
(Movie S2, Supporting Information).
Figure 4. Four consecutive images of the vapor depression showing the formation of a void. As the laser (approximate position shown with red line) and 
vapor depression moves from left to right, the void develops after the laser has passed, as seen in the second frame. An "x" is used to mark the location of 
the void in that second frame. As the laser moves right and the melt pool begins to cool, the void is seen splitting into two voids and solidifying (yellow 
arrows). The scan was performed at 146 mm s-1 and l 00 W. See Movie Sl, Supporting Information. 
Based on the imaging, the bubble in Figure 4 travels at 
1.3 mm s-1 opposite the direction of the laser scan in the 
50 µs after pinching off the vapor depression. Less than 100 µs 
after forming, as the bubble slows to near zero, as it is influenced 
by the viscosity and currents of the melt pool, it also splits in two. 
By 150 µs after formation, both bubbles are trapped as void 
defects with the distance between their centers at the approxi­
mate location of the bubble immediately before splitting. The 
behavior of the bubbles primarily depends on the complex fluid 
flow present in the melt pool, which has been modeled in the 
case of 316L AM and in laser welding of Ti alloys14•401 and cannot 
be imaged directly using our current X-ray projection imaging 
setup. 
We found that bubble breakup is a relatively common occur­
rence for the processing parameters that we examined. In fact, 
nearly all the scans with laser power above 100 W for a scan speed 
of 455 mm s-1 and above 75 W for a scan speed of 146 mm s-1 
show bubble breakup. Since the bubbles tend to form near the 
bottom of the vapor depression, their formation occurs close in 
proximity to the edge of the melt pool solid-liquid interface. 14,tsJ 
As a bubble is carried by convective currents away from the vapor 
depression and depending on the direction of the current, the 
bottom of the bubble approaches that solid-liquid interface, 
and the bubble becomes pinned to that location. Marangoni­
driven melt-pool flow pulls on the top of the bubble and eventu­
ally overcomes surface tension to split the bubble. The frequency 
of this effect is likely material dependent, as the relative strength 
of the Marangoni-driven flow and surface tension are material­
dependent properties. 
A second notable bubble dynamic is the recapturing of a bub­
ble by the vapor depression (Figure S6, Movie SJ, Supporting 
Information). In this particular case, instability in the vapor 
depression shape and size leads to a bubble which exists for 
�100 µs before being recaptured by the depression. The bubble 
is formed near the vapor depression, creating a situation where it 
would more likely be recaptured. This self-healing, recapturing 
event is less frequent than bubbles breaking apart, but also 
occurs more often in scans with laser power above 100 W for 
a scan speed of 455 mm s-1 and above 75 W for a scan speed 
of 146 mm s-1 where the vapor depression shape is rapidly 
changing. Bubble recapture and bubble breakup are important 
phenomenon that need careful consideration when developing 
process-monitoring tools which might detect bubble recapture 
as a void-formation event and give a false-positive or bubble 
breakup as only one void rather than a cluster of smaller ones. 
2.4. Void Repair Strategies 
Although determining the controlling mechanisms of void for­
mation in AM processes is critical to advancing AM technologies, 
equally important is understanding how such defects can be 
removed or fixed after creation. It has been proposed that scan­
ning the laser over an already printed region can be an effective 
means of repairing voids.1411 Nondestructive X-ray imaging pro­
vides an ideal approach to investigate this strategy for void repair, 
as it allows imaging between multiple laser passes to assess the 
formation and repair of voids. Herein, we directly investigated 
the effectiveness of using a second laser scan with variable laser 
power to repair keyhole void defects. Prior to laser exposure, no 
voids are discemable in the substrate. As expected from the work 
described earlier, voids result from an initial laser pass with 
speed ofl44 mm s-1 and power at 100W. In an attempt to repair 
these voids, a second laser pass was executed at a) 100 W, 
b) 150 W, and c) 50 W using the same scan speed. Images after
these passes are shown in Figure 5, where the voids created by 
the initial scan are colored red if they are successfully repaired by
the subsequent scan, or magenta if they remain after the repair
attempt. New voids formed in the second scan are blue. During
the second laser pass at 100 W (Figure Sa), the average vapor
depression reaches the same depth within the substrate as the 
first pass. Thus, the melt pool is around the same depth, melting
the same material as the first pass and repairing the voids formed 
during the original laser scan. However, the second laser scan
also forms new voids at approximately the same depth, but in 
different locations. This suggests that void formation under these 
conditions primarily arises from the stochastic behavior of melt­
pool dynamics rather than any preexisting defect in the material
itself. This void repair and reformation behavior was consistent
Unrepa1red voids from first pass 
Repaired voids 
New voids lrom second pass 
Figure 5. Test of the effect of laser power on the success of repairing voids. In each of these scenarios, the first laser pass was performed at 100 W. a) The 
original voids are repaired (red) by the 100 W repair track, but new voids are created (blue) at the same depth. b) The original voids are repaired (red) at 
150 W, but new voids (blue) are created deeper in the substrate. c) The repair track was run at 50 W and does not repair the existing voids (magenta). All 
laser passes are with a scan speed of 144 mm s-1• The approximate location of the surface of the sample is indicated with a dashed line. 
over three tracks treated with the same scanning and rescanning 
strategy. Based on these laser parameters, using a second laser 
scan with the same laser power does not represent a successful 
repair strategy for keyhole voids. 
When the laser power in the second pass is increased from 
100 to 150 W (Figure Sb), the melt pool extends deeper in the 
substrate, melting the material around the voids generated dur­
ing the first pass and repairing them. However, the higher power 
scan also leaves behind voids deeper into the substrate, between 
180 and 385 µm below the surface, consistent with the average 
void depth results shown in Figure 3. Since the voids are gener­
ated on average 50--100 µm shallower than the depth of the vapor 
depression, a laser pass with a lower laser power may be able to 
repair the initial voids and form voids higher in the substrate or 
not form voids at all. To investigate this, a final repair attempt 
used a second laser power of only 50 W (Figure Sc). The low 
power repair track produced a vapor depression that only pene­
trates roughly 80 µm into the substrate and does not produce any 
new voids; however, the melt pool does not penetrate deep 
enough to remove any of the voids formed in the first pass. 
This test of a void repair strategy using varying laser power 
demonstrates the difficulty in finding a laser power strong 
enough to access keyhole voids without producing new voids. 
However, this approach only investigates repair of keyhole poros­
ity and it is entirely possible that such a remelting strategy could 
be an effective repair approach for voids formed by other mech­
anisms, such as lack of fusion or voids originating from the pre­
cursor powder. In any case, this study suggests that the melting 
of additional powder layers will not remove the voids formed at 
the base of the vapor depression in keyhole-mode processing. If 
one considers building the next layer with the second scan with 
an additional 50--70 µm layer of powder on the surface, the vapor 
depression will not penetrate on average to the depth required to 
repair most of the voids created by the first pass. Thus, a void­
repair strategy using varying laser power with or without an addi­
tional powder layer added before the second laser scan, is not a 
workable approach. 
3. Conclusions
In conclusion, we have directly measured the dynamics of the 
vapor depression, keyhole void formation, vapor bubble dynam­
ics, and void-repair strategies during LPBF using a high-speed in 
situ synchrotron X-ray-imaging technique. The measured key­
hole threshold in Ti64 agrees well with the theory proposed 
and demonstrated in 316L stainless steel by King et alY8l 
Additionally, we found that although the average vapor­
depression depth and average void depth scale linearly with nor­
malized enthalpy, the likelihood of void formation does not. 
Instead, the slower scan speed produced significantly more voids 
in the keyhole regime than expected from normalized enthalpy. 
We observed bubbles pinch off the vapor depression and then 
influenced by strong fluid flow in the melt pool, which can cause 
them to break into multiple bubbles during solidification or 
reconnect with the vapor depression. Finally, the simple void­
repair strategy using a second laser pass is not a valuable strategy 
for keyhole void removal even if the laser power is modified. 
Once a keyhole void is formed, it is extremely difficult to remove 
with additional laser processing. We observe that normalized 
enthalpy is a reliable metric to predict the build conditions 
and quality based on the vapor-depression depth, and therefore, 
an important value to monitor during the build process to mini­
mize void defects. High-speed X-ray imaging ofLPBF build pro­
cesses is a valuable tool which can observe new phenomena, 
inform modeling and simulation efforts, and improve under­
standing to improve confidence in LPBF-built components. 
4. Experimental Section
Using high-speed X-ray imaging, void formation during the build process 
was nondestructively imaged at 2 µm pixel size and up to 20 kHz frame 
rates. For these experiments, 3 mm long single-layer tracks were formed in 
50--70 µm thick layers of Ti64 powder on top of a substrate of the same 
material. Since we were interested in observing void defects formed during 
the build, a precursor powder with minimal voids was selected. The laser 
power and speed were varied from 50 to 300W and 144 to 455 mm s-1, 
respectively, with a :::::,50 µm diameter (D4a) Gaussian beam. Only the cen­
ter of the 3 mm tracks was imaged to ensure the laser scan speed and 
power had reached steady state, avoiding mirror acceleration effects 
and laser power spikes at the beginning of tracks. The images presented 
in this work represent X-ray absorption differences, where each frame is 
referenced to the initial image (t-t0). During a scan, darker regions repre­
sented a reduction in absorption (implying less material was present) and 
lighter regions represented an increase in absorption (implying more 
material was present). For the statistical analysis, void defects were iden­
tified through thresholding the averaged difference image between before 
and after the laser pass (Figure Sl, Supporting Information). Voids below 
3 x 3 pixels ( <36 µm2 projected area which translates to an equivalent 
diameter of <7 µm) were disregarded to avoid counting noisy pixels as 
voids. 
Further details on the in situ chamber and the experimental setup can 
be found in Calta et al}321 as well as the Supporting Information section of 
this article. 
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